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Summary
Many plant viruses encode proteins that suppress the
antiviral RNA silencing response mounted by the host.
The suppressors p19 from tombusvirus and p21 from
Beet yellows virus appear to block silencing by di-
rectly binding siRNA, a critical mediator in the pro-
cess. Here, we report the crystal structure of p21,
which reveals an octameric ring architecture with a
large central cavity of 90 Å diameter. The all -helical
p21 monomer consists of N- and C-terminal domains
that associate with their neighboring counterparts
through symmetric head-to-head and tail-to-tail in-
teractions. A putative RNA binding surface is identified
in the conserved, positive-charged inner surface of the
ring. In contrast to the specific p19-siRNA duplex in-
teraction, p21 is a general nucleic acid binding protein,
interacting with 21 nt or longer single- and double-
stranded RNAs in vitro. This study reveals an RNA
binding structure adopted by the p21 silencing sup-
pressor.
Introduction
Small RNAs mediate many gene regulatory events, in-
cluding posttranscriptional gene silencing (PTGS) in
plants, RNA interference (RNAi) in animals, as well as
microRNA (miRNA) pathways and related events at the
genome level (see reviews: Baulcombe, 2004; Bartel,
2004; Meister and Tuschl, 2004; Matzke and Birchler,
2005). These processes are collectively known as RNA
silencing. In plants, one of the major functions of RNA
silencing is to act as a defense against invading viruses
by targeting their RNAs (Baulcombe, 2004; Wang and
Metzlaff, 2005). The defense response is triggered by
double-stranded (ds) RNA molecules generated in rep-
licating RNA viruses or synthesized from viral mRNAs
by the host RNA-dependant RNA polymerases (RDPs)
or simply from long helical regions in viral RNAs (Voin-
net, 2005). Dicer-like enzymes recognize and process
these dsRNAs into small interfering RNAs (siRNAs)
(Bernstein et al., 2001). siRNAs are characterized by
w19 base pairs (bp), two nucleotide (nt) overhangs, 5#-
phosphates, and 3#-hydroxyls (Hamilton and Baul-
combe, 1999; Elbashir et al., 2001). siRNAs mediate the
silencing by guiding a nuclease complex, RNA-induced
silencing complex (RISC), to recognize and cleave tar-*Correspondence: pateld@mskcc.org
1Present address: National Institute of Biological Sciences, Beijing
7 Science Park Road, Zhongguancun Life Science Park, Beijing,
China 102206.get RNAs (Hammond et al., 2000). The specificity of tar-
geting is dictated by the base paring interaction be-
tween guide and target RNA strands. In addition to cell-
autonomous silencing, plants also generate a mobile
signal at the site of silencing initiation, after which the
signal spreads out and induces specific gene suppres-
sion in distant parts of the plant (Voinnet and Baul-
combe, 1997). The local and systemic silencing phe-
nomena create an immune-like system by which to
protect plants from virus infection.
Viruses have developed ways to suppress the host
silencing response (Baulcombe, 2004; Ding et al., 2004;
Roth et al., 2004; Silhavy and Burgyan, 2004; Voinnet,
2005). Proteins that suppress silencing were first iden-
tified in potyvirus and cucumovirus (Anandalakshmi et
al., 1998; Brigneti et al., 1998; Kasschau and Carring-
ton, 1998). The number of viral suppressors has grown
to about 20 at last count (Voinnet, 2005). Some sup-
pressors were even found in animal viruses (Li et al.,
2002, 2004; Bucher et al., 2004; Delgadillo et al., 2004),
raising an intriguing question as to whether RNA silenc-
ing functions as an antiviral mechanism in animals. The
expression of these suppressors is believed to be a
means for viruses to overcome the host antiviral silenc-
ing defense. On the other hand, other types of RNA
silencing may also be affected by certain suppressors
because of the shared mechanism among related si-
lencing processes. Disruption of the miRNA pathway
by silencing suppressors has been shown to cause de-
fects in plant development processes under miRNA
control (Kasschau et al., 2003; Chapman et al., 2004;
Dunoyer et al., 2004).
These viral suppressors vary widely in sequence,
structure, effect, and resulting phenotype (Voinnet,
2005). Their diversity suggests that they have evolved
independently and may function by different mecha-
nisms. However, for most viral suppressors, little is
known about how they block silencing events.
Recent studies have pointed out that siRNA is an
attractive target for viral intervention. This was first
shown for the tombusviral p19 suppressor that physi-
cally binds to siRNA duplexes in vitro (Silhavy et al.,
2002) and in vivo (Lakatos et al., 2004; Dunoyer et al.,
2004; Chapman et al., 2004). p19 was proposed to
block RNA silencing by sequestering siRNAs, thereby
preventing them from mediating RNA silencing. Bio-
chemical analysis showed that p19 exhibits high bind-
ing specificity for 19–21 bp RNA duplexes, but not for
ssRNA and long dsRNA (Silhavy et al., 2002; Vargason
et al., 2003; Ye et al., 2003). The molecular basis for
such size-selective binding has been revealed in recent
cocrystal structures of p19 bound to 19 bp siRNA du-
plexes (Vargason et al., 2003; Ye et al., 2003). In the
structure of the complex, p19 forms a homodimer that
binds one face of the RNA duplex through interactions
with backbone phosphate and 2#-hydroxyl groups in a
non-sequence-specific manner. In addition, critical
tryptophan residues projecting from symmetrically po-
sitioned reading head helices were found to cap both
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like mechanism for measuring duplex length.
Beet yellows virus (BYV), the type member of the ge-
nus Closterovirus, is a positive strand RNA virus that
features a large 15.5 kb genome and long filamentous
virions (Dolja, 2003). The p21 protein, one of nine pro-
teins encoded in the BYV genome, was the only one
that suppressed the silencing of green fluorescence
protein (GFP) induced by GFP dsRNA in a transitive
agrobacterium infiltration experiment (Reed et al.,
2003). Interestingly, a related Citrus tristeza virus (CTV),
also of genus Closterovirus, encodes at least three sup-
pressors (Lu et al., 2004): one suppressor is a homolog
of BYV p21, and two others seem to have no counter-
parts in BYV. Additional biochemical studies showed
that p21 binds siRNA duplexes both in vitro and in vivo,
but not single-stranded miRNA (Chapman et al., 2004).
Therefore, it has been suggested that p21, like p19,
functions by inactivating siRNA duplexes.
The molecular mechanism of the p21-siRNA interac-
tion has not been elucidated, particularly regarding the
question as to whether the two suppressors, p19 and
p21, are similar in terms of structure and RNA binding.
As a first step, we have determined the crystal structure
of p21 in the free state. The structure shows that p21
forms an octameric ring of previously unknown topol-
ogy. Conservation and charge analysis suggest that the
inner surface of the ring might be involved in RNA bind-
ing. We also show that p21 has no strict binding speci-
ficity for siRNA duplexes. Conversely, it appears to be
a general nucleic acid binding protein, implicating addi-
tional p21-mediated pathways for suppression of RNA
silencing.
Results and Discussion
p21 Forms Higher-Order RNA Binding Oligomers
We overexpressed the BYV p21 in E. coli and purified
the protein though three chromatography steps. In the
final gel filtration step, we observed that p21 elutes as
two overlapping peaks, corresponding to species of
apparent molecular weights of 250 and 500 kDa, re-
spectively (Figure 1A). The exact elution profile varied
between samples, reflecting a change in composition.
In denatured SDS-PAGE (Figure 1B), all eluates migrate
as a single 22 kDa species, as expected for a p21 mo-
nomer. The gel filtration analysis indicates that p21
forms higher-order oligomers in solution.
A previous study has shown that p21 is capable of
binding siRNA duplexes in vitro and in vivo (Chapman
et al., 2004). We tested whether our preparation of p21
binds siRNAs in a electrophoretic mobility shift assay
(EMSA). Proteins in fractions 11–19 (Figure 1A) were
mixed with a 21 nt siRNA duplex, and the reaction was
resolved in a 5% native gel. Under binding conditions
of excess RNA, all of the added protein forms com-
plexes with RNA, as evident by the presence of free
RNA bands and the absence of free protein bands in
lanes 2–10. Multiple and distinct RNA-protein com-
plexes (RNP) were visible in the gel, with two species,
labeled RNP1 and RNP2, predominating under these
conditions. The distribution of RNP1 and RNP2 in the
gel correlates with that of the 250 kDa and 500 kDa
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A) Elution profile of p21 in a Hiload 26/60 Superdex 200 column in
buffer of 0.1 M KCl and 10 mM HEPES (pH 7.6). Also indicated
re molecular standards: Aldolase (158k), Ferritin (440k), and Thy-
oglobulin (669k). Two main peaks appear at the 250 kDa and 500
Da regions.
B) SDS-PAGE of fractions 11–19 showing protein purity.
C and D) EMSA showing complex formation between a 21 nt
iRNA (50 pmol) and 10 l p21 from fractions 11–19 in 0.1 M KCl,
mM DTT, 1 mM MgCl2, and 10 mM HEPES (pH 7.6). The total
mounts of protein used are indicated for each lane. Roughly, more
han four p21 monomers are required to bind one siRNA duplex.
he experiment was done immediately after the protein was eluted
rom the column; if the experiment is not performed immediately,
he RNP pattern will change. Lane 12 compares the migration of
he p19-siRNA complex. The gel was stained by ethidium bromide
o show RNA in (C) and by Coomassie to reveal protein in (D).eaks, respectively, in the gel filtration profile. This sug-
ests that the faster-migrating RNP1 is made up of the
50 kDa species, while the slower-migrating RNP2 is
erived from the 500 kDa species. Figure 1 also com-
ares the migration of p21 RNPs with that of the p19-
iRNA complex, a well-characterized RNA silencing
uppressor-siRNA complex consisting of the p19 (mo-
omeric size: 20 kDa) dimer and an siRNA duplex (Var-
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1377gason et al., 2003; Ye et al., 2003). RNP1 migrates only
one-third of the distance that the p19-siRNA complex
does, supporting the large size of RNP1.
Complexes of RNP3 and RNP4, though present in
smaller amounts, are also clearly observed in early elu-
ates in lanes 2–4. In samples stored at 4°C, the protein
tends to form complexes of higher order over time.
These results establish that p21 exists as a mixture of
oligomers in solution and that each oligomer is capable
of forming distinct complexes with siRNA.
Structure Determination
We have successfully crystallized p21 in the free state
despite its existence as a multiple oligomeric species
in solution. The structure was solved by the method
of Multiple Isomorphous Replacement and Anomalous
Scattering (MIRAS) based on mercury and osmium de-
rivatives. The experimental map calculated at 3.8 Å was
readily interpretable and has permitted the tracing of
the majority of the polypeptide chain. The N-terminal
engineered His tag (20 resides) and residues 65–76
were not modeled due to missing density. The final model
was refined at 3.3 Å resolution and has an R factor of
21.0%, an Rfree of 24.4%, and excellent stereochemistry
(Table 1).
Structure Description
The crystal structure reveals that p21 is an oligomer of
eight monomer subunits that assemble into a closed
ring (Figure 2A). The large octameric ring measures
w130 Å in the outer diameter, w90 Å in the inner diam-
eter, and w20 Å in thickness.
Individual p21 monomers adopt an all α-helical struc-
ture (Figure 2B). The structure is built upon nine α heli-Table 1. Crystallographic Statistics
Crystal Native EMTS (Hg) K2OsO4
Space group P3221 P3221 P3221
Cell parameters a = b/c (Å) 199.6/56.1 198.9/55.9 199.3/56.2
X-ray source Cu-Kα BNL-X14 Cu-Kα
Wavelength (Å) 1.5418 1.009 1.5418
Resolution (Å) 20–3.3 20–3.8 20–4.0
Last shell (Å) (3.42–3.3) (3.93–3.8) (4.14–4.0)
Number of total reflections 220,293 284,136 167,300
Number of unique reflections 19,491 12,653 10,916
Redundancy 11.3 22.5 15.3
Completeness as I > 0 (%) 98.8 (95.8) 97.4 (93.8) 97.5 (94.4)
I/σ 21.6 (3.0) 31.6 (7.7) 25.7 (4.6)
Rsym (%) 0.11 (0.66) 0.13 (0.49) 0.12 (0.61)
Phasing Statistics
Number of sites 4 8
Phasing power (iso/ano) 1.36/3.46 0.70/2.68
MIRAS figure of merit 0.45 0.45
Refinement
Rcryst (%) 21.0 (30.8)
Rfree (%) 24.4 (39.5)
Rmsd bond length (Å) 0.019
Rmsd bond angles (o) 1.812
Atom number 5,388
Average B factor of each molecule (Å2) 96, 140, 151, 147
Ramachandran plot (favorable/allowed, %) 93.5/5.8
Numbers in parentheses represent statistics for the highest-resolution shell of data.ces and can be divided into amino (NTD)- and carboxy
(CTD)-terminal domains. The NTD (residues 1–93) is
mainly a left-handed three-helical bundle plus an or-
dered N-terminal tail. The bundle consists of the H1,
H2, and H3 helices arranged in an up-and-down fash-
ion. The H2 and H3 helices are connected by a disor-
dered 10 residue loop. In the CTD (residues 94–174),
six contiguous α helices, including the short 310 helix
H7, fold into a two-layered array. The first layer includes
helices H4, H5, and H9, whereas helices H6–H8 consti-
tute the second layer. Notably, all adjacent helices in
the CTD are approximately orthogonal to each other.
We attempted to find structural homologs of p21 in
Dali-based searches by using the NTD, CTD, or the en-
tire monomer structure as a search model (Holm and
Sander, 1998). Related structures can only be identified
for the NTD part of the structure. The left-handed three-
helical NTD bundle is a common structural motif be-
longing to the spectrin repeat-like fold in SCOP, found
in proteins of diverse function (Murzin et al., 1995). Dali
hits for the CTD are not significant (Z score < 2.5), sug-
gesting that the CTD adopts a new fold. Based on
these data, together with the ring topology discussed
below, we conclude that the p21 octamer represents a
novel, to our knowledge, structure.
Oligomer Organization
Forming a ring is a common way to build high-order
oligomeric scaffolds. Examples of ring structure can be
found for GroEL/GroES chaperones (Sigler et al., 1998),
Sm or Sm-like spliceosomal proteins (Toro et al., 2002),
the Trp RNA binding attenuation protein (Antson et al.,
1999), the 20S proteasome (Bochtler et al., 1999), repli-
cative hexameric DNA helicases (Patel and Picha,
Structure
1378Figure 2. Structure of the p21 Octameric Ring
(A) Ribbon representation of the entire p21 octamer. Neighboring
monomers are alternatively colored with green and red. The dots
stand for disordered regions.
(B) Structure of the p21 monomer with the secondary structure ele-
ments labeled. The NTD and CTD domains are colored magenta
and blue, respectively.
(C) Topology diagrams of the p21 octameric ring structure (left
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pide is represented by two joining CTDs, and the other
anel). Each p21 monomer, colored the same as in (A), is repre-
ented by a rectangle (NTD) and an ellipse (CTD). Symmetry ele-
ents consist of a 4-fold axis perpendicular to the plane and two
ypes of dyad axes in the plane. A diagram of other common ring
tructures with a hexameric ring as an example is shown (right
anel).000), and the recently described RNA binding protein
utP, which consists of two stacked trimeric rings (Ku-
arevel et al., 2005). In these known ring structures,
ubunits assemble through a single type of interface,
eferred to here as head-to-tail association. Such an
ssociation involves nonequivalent segments of adja-
ent subunits and lacks 2-fold symmetry in the inter-
ace. Subunits are related to each other by n-fold rota-
ion symmetry along the ring axis perpendicular to the
ing plane; n stands for the order of the ring (see the
iagram of common head-to-tail ring topology in Figure
C, right panel).
By contrast, the eight p21 monomer subunits associ-
te into the closed ring structure through two types of
ead-to-head and tail-to-tail arrangements (Figure 2C).
he NTD joins with the NTD of an adjacent monomer
n one side (head-to-head), while the CTD associates
ith the CTD of a neighboring monomer on the other
ide (tail-to-tail). The NTD and CTD association inter-
aces for an individual monomer subunit are roughly
pposite of each other, with one facing inward and the
ther facing outward (Figure 2A). Both types of the mo-
ecular interface contain a dyad symmetry in the ring
lane. There is no 8-fold symmetry in the structure;
ather, alternative subunits (same colored subunits in
igure 2C, left panel) are related to each other by a
-fold rotation symmetry normal to the ring. To the best
f our knowledge, this is the first example of such a
ing topology in a protein structure.
The association between adjacent NTDs involves the
2 helices and the N-terminal tails (Figure 3A) and bur-
es a solvent-accessible area of 1142 Å2 per subunit.
he H2 helix and its counterpart intersect at near right
ngles (80°) with a single contact involving Leu52. In
ddition, the N-terminal tail plays an important role in
ntermolecular association. It inserts into the space en-
eloped by its own NTD and by the NTD and the CTD
f the neighboring monomer subunit. Conserved hy-
rophobic residues 3–5 in the tail serve as a nucleation
enter in the anchoring of the three domains. Each of
esidues 3–5 anchor one of three domains: residue
eu5 interacts with H2 of its own NTD; residue Phe3
ontacts H2 of the neighboring NTD; residue Phe4 in-
eracts with the C-terminal region of H6 and its adja-
ent loop in the neighboring CTD.
The CTDs associate along a flat surface joined by the
terminus of helix H4 and by helices H8 and H9 (Figure
B). The central segment of the association interface is
ined by residues Ile172, Leu173, and Leu161, which
orm hydrophobic patches holding adjacent CTDs to-
ether. The association of CTDs buries a solvent-
ccessible area of 500 Å 2 per subunit.
The structure can be alternatively viewed as an
qual-angled octagon with two alternating sides. One
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(A) The NTDs interface with key interacting residues shown in stick
representation. The N-terminal tail plays a critical role in the associ-
ation of neighboring NTDs. Also shown are the conserved interac-
tions that stabilize the orientation between NTD and CTD within
one monomer subunit. The NTD, CTD, and the neighboring NTD#
are colored magenta, blue, and cyan, respectively. The prime sym-
bol in the labels denotes the other molecule.
(B) The hydrophobic interface between the blue-colored CTD and
its neighboring cyan-colored CTD#.is represented by two joining NTDs. The two sides meet
at the junction of the NTD and CTD within individual
monomer subunits related by 145°. This angle is real-
ized by maintaining a fixed orientation of the NTD and
CTD in a monomer. The interdomain orientation is main-
tained by a loop connecting helices H3 and H4 and by
additional constraints provided by interdomain interac-
tions. Most notably, the benzene ring of Phe146 in theCTD projects out and reaches into a hydrophobic de-
pression, converged by residues Phe43, Val40, Leu89,
and Val93, on the surface of the NTD of the same mono-
mer subunit (Figure 3A). The five residues forming the
hydrophobic cluster are highly conserved among p21
homologs, highlighting their importance for mainte-
nance of a stable orientation between the two domains
to generate the octagonal arrangement. Among the
four monomer subunits in the crystallographic asym-
metric unit, the variation in the interdomain orientation
is minimal, with an average of 5.4° and a maximum of
8.3°. It should be noted that no rational constraint was
imposed during refinement between the two domains,
which belong to independent noncrystallographic sym-
metry (NCS) groups.
p21 as an Octamer
The crystal structure shows p21 to be an integral
octamer. However, the protein exists as multiple oligo-
meric species in solution. What is the relationship be-
tween the crystallographic octamer and these oligo-
mers in solution? By taking advantage of the power of
native gel electrophoresis, the oligomer composition
can be estimated within the RNP. Comparison of the
gel filtration elution profile and the RNP distribution
pattern in the native gel implies that RNP1 and RNP2
are derived from the 250 kDa and 500 kDa species, re-
spectively. Given that p21 is arranged into an octameric
alignment in the crystal structure, it appears likely that
RNP1, which represents the smallest complex, corres-
ponds to a single p21 octamer bound to siRNA. The
p21 octamer has a total molecular weight of 170 kDa
and, considering its nonglobular shape, could give rise
to the observed 250 kDa peak in the gel filtration profile.
RNP2, derived from the 500 kDa species, most likely
corresponds to dimerization of the p21 octamer-siRNA
complex. The larger RNPs, which migrate in a ladder-
like manner, may result from further association of oc-
tameric species. Oligomers smaller than an octamer
are likely to be unstable, since p21 was not observed
in the gel filtration fractions following the 250 kDa peak,
nor have complexes smaller than RNP1 been visible in
the native gel. Therefore, we conclude that the octamer
is the minimal stable structure of p21.
The formation of the higher-order oligomers is not
due to intermolecular disulfide bond formation since
the reducing agent DTT was included in the binding
reaction. Moreover, inspection of the structure indi-
cates that neither Cys39 nor Cys114, the only two cys-
teine residues in the p21 sequence, is accessible for
disulfide bond formation: Cys39, which forms the mer-
cury derivative, is located within the inner circumfer-
ence of the ring, while Cys114 is buried. The formation
of higher-order oligomers is not caused by the pres-
ence of a His tag either, because a nontagged p21 dis-
played the same elution profile during gel filtration (data
not shown). It is not known whether self-association of
the p21 octamer occurs in vivo, but a large portion of
p21 expressed in plants was found in the inclusion
body fraction, suggesting its associative nature (Reed
et al., 2003). It remains to be determined whether the
self-association of the p21 octamer has any biological
role.
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With the structure in hand, we next analyzed the con-
served features of the structure for their likely involve-
ment in RNA binding. p21 homologs can be found in
six different virus species, all of which belong to the
genus Closterovirus. The multiple sequence alignment
generated by CLUSTALW (Thompson et al., 1994)
shows a high divergence of sequence, except between
GLRaV-2 and GLRSaV (Figure 4). These six sequences
exhibit 20% pairwise identity and 40% pairwise sim-
ilarity on average (16% and 37% respectively, if the
comparison between the GLRaV-2 and GLRSaV se-
quences is excluded). The high sequence diversity is
helpful for identification of those functionally important
residues that are less prone to change during evolution.
Mapping conserved residues into the three-dimen-
sional structure shows that the majority of them partici-
pate in the formation of the hydrophobic core structure
and in oligomerization. Some of them are assigned to
different functional groups, which can be seen in Figure
4. The invariance of residue Ser141 most likely reflects
the requirement of its side chain hydroxyl for hydrogen
bonding with the backbone atoms of F146-O and V148-
N in the structure; this binding thereby stabilizes a local
turn. However, four absolutely conserved residues lo-
cated along the inner surface of the ring cannot be as-
signed to any structural role (Figures 5A and 5B). They
consist of basic residues Lys2 (from the neighboring
monomer), Arg90, and Arg130 and polar reside Thr149
and could play important functional roles, such as
RNA binding.
In the electrostatic potential view (Figure 5C), the ring
surface displays a highly polarized distribution of
charge: negative charge (red) dominates the outer sur-
face of the ring, while positive charge (blue) dominates
the inner surface of the ring. The positively charged in-
ner surface might be able to bind RNA via electrostatic
interactions. Importantly, the four conserved basic and
polar resides are also located at this positively charged
surface. The conservation and charge analysis together
define a putative RNA binding surface within the inner
circumference of the ring.
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logs from the Closterovirus Genus
Aligned are the sequences of AAC55667
(GenBank ID) of Beet yellows stunt virus
(BYSV), NP_041877 of Beet yellows virus (BYV),
NP_042870 of Citrus tristeza virus (CTV),
AAC40863 of Grapevine leafroll-associated
virus 2 (GLRaV-2), NP_835252 of Grapevine
rootstock stem lesion-associated virus
(GRSLaV), and YP_224098 of Mint virus 1
(MV-1). The secondary structure observed in
the crystal structure is displayed on the top.
Residues are shaded according to their de-
gree of conservation. Functional groups are
defined.To test whether conserved residues Lys2, Arg90,
rg130, and Thr149 mediate RNA binding, we have
enerated alanine mutations one at a time at each of
hese positions. In addition, we generated mutations
t positions Arg16, Arg73, Arg83, Arg92, Arg121, and
rg126, which serve as controls, and studied their bind-
ng to siRNAs by using a filter binding assay. These mu-
ational experiments were inconclusive, since large un-
ertainties were observed in the measured apparent
isassociation constants (Kd). For example, the Kd val-
es for wild-type protein fluctuates between 2 nM and
30 nM (as monomer concentration) in different mea-
urements. We found that factors that affect the mea-
urement may include the freshness of the sample,
ligomer composition in the sample, storage condi-
ions, and possibly other as yet undefined contributors.
imilar problems were also observed for all of the other
utant proteins. Given the large uncertainty in the mea-
ured Kd values, we were unable to conclusively detect
he effect of a single mutation involving as much as a
10-fold change of Kd. Nevertheless, all mutant pro-
eins still bind RNA with Kd values less than 1 M, sug-
esting that none of the tested residues play a single
ecisive role in the binding process. Other experimental
ethods are needed to definitively pinpoint the RNA
inding site.
The binding stoichiometry between p21 and siRNA
an be roughly estimated from the EMSA experiment
hown in Figure 1, though it is conceivable that dif-
erent RNPs may exhibit different protein:RNA ratios. In
ane 16 of Figure 1C, where the amount of protein (216
mol) is four times more than that of siRNA (50 pmol),
NA is still in excess; thus, the p21 monomer binds
iRNA with an average molar ratio of at least 4:1. Titra-
ion experiments with individual fractions enriched with
NP1 or RNP2 (Figure S1; see the Supplemental Data
vailable with this article online) indicate that the pro-
ein:RNA ratio is about 6:1 in RNP1 and 8:1 in RNP2. It
eems that one p21 octamer ring is likely to bind 1–2
iRNA duplexes under our experimental conditions. A
tandard 19 bp A-form RNA duplex has an approximate
ength of 60 Å and a diameter of 22 Å. The large central
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1381Figure 5. A Putative RNA Binding Surface
(A) Conserved residues located at the inner surface of the ring.
(B) Close-up view of (A). Conserved residues are shown in stick
representation.
(C) Electrostatic potential shows a contrasting distribution of posi-
tive charge (blue) in the inside of the ring and negative charge (red)
on the outside.
The rings in (A) and (C) have the same orientation, which is related
to the ring in Figure 2A by a horizontal 60° rotation.cavity (w90 Å diameter) of the p21 ring could readily
accommodate one or two siRNA duplexes.
p21 Is a General Nucleic Acid Binding Protein
Two proteins, p19 and p21, have been reported to date
to suppress RNA silencing by interacting with siRNA.The structure of the p21 octamer reported here bears
no similarity with that of dimeric p19, suggesting that
they have evolved independently. Moreover, the caliper-
like apparatus in the p19 structure, which provides the
duplex size selectivity, is apparently absent in the p21
ring structure, suggesting that the two proteins are
likely to bind RNA in different ways. To define the RNA
binding specificity of p21, we studied the interaction
between p21 and various RNAs by using EMSA (Figure
6). Surprisingly, p21 binds both the 21 nt double-
stranded siRNA duplex and ssRNA (lanes 1–4), as well
as their DNA counterparts (lanes 5–8). The protein also
efficiently binds longer RNAs of 56, 110, and 401 nt,
both in single-stranded and duplex forms (lanes 9–20).
In contrast to p19, which exhibits a strict binding
requirement for a RNA duplex of defined length, p21
appears to be a promiscuous RNA binder in terms of
specificity for helix structure and length. In a more
quantitative characterization (data not shown), the
binding affinities are generally 4–9 times higher for du-
plex than for single-stranded RNA, are about 2–3 times
worse for DNA than for RNA, and increased with the
length of RNA. These characteristics indicate that p21
is a general nucleic acid binding protein.
Other Suppression Mechanisms of p21
The promiscuous RNA binding by p21 also raises an
interesting question regarding its mechanism of silencing
suppression. Could other RNAs in addition to siRNA du-
plexes be targeted by p21 in silencing suppression? This
is possible because different types of RNA involved in the
RNA silencing process are theoretical targets of suppres-
sion. In the initiation stage, trigger molecules are long
dsRNAs derived from viral RNAs, which are then trans-
formed into w21 nt siRNA duplexes during dicing. Upon
duplex unwinding and strand selection, siRNAs become
single-stranded guide RNAs bound in effector complexes.
Long dsRNAs and siRNA duplexes, as well as single-
stranded guide RNAs, are all potential targets of p21,
though their accessibility might vary in vivo. Single-
stranded guide RNAs bound in effector complexes are
likely to have less accessibility than other RNAs. Among
these RNAs, siRNA duplexes are most likely targeted by
p21, because it has been shown that transgenically ex-
pressed p21 can coimmnuoprecipitate siRNAs in vivo
(Chapman et al., 2004). Nevertheless, the question of
whether the function of other RNAs is affected by p21
needs further study.
Experimental Procedures
Cloning, Protein Expression, and Purification
The full-length p21 gene of 177 amino acid residues (GenBank ID
NP_041877) of Beet yellows virus was synthesized by a PCR-based
approach (Casimiro et al., 1997) and was cloned into the His tag
vector pET28a by using the NdeI and EcoRI restriction sites. The
coding sequence was optimized for expression in E. coli (sequence
available upon request). The expression vector with the correct
gene sequence was transformed into BL21(DE3)-Gold E. coli. Pro-
tein expression was induced with 0.1 mM IPTG in mid-log cells,
and the cultures were further grown overnight at a reduced temper-
ature of 20°C. Harvested cells were resuspended in buffer A (0.1 M
KCl and 50 mM phosphate [pH 7.6]) and broken by sonication. Clar-
ified cell lysate was loaded onto a 5 ml Histrap column (Amersham
Biosciences). After a wash by 50 mM imidazole in buffer A, the His-
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1382Figure 6. EMSA Showing that p21 Forms
Complexes with Various Nucleic Acid
Species.
The protein (1 M) was assembled with 5#-
end 32P-labeled oligonucleotides of different
lengths and structures (w0.1 nM) in 10 l
binding buffer (see Experimental Pro-
cedures). Single-stranded nucleic acids nor-
mally migrate faster than double-stranded
nucleic acids of the same length, except for
the RNAs of 110 and 401 nt length, in which
the reverse is true. For 110 nt dsRNA, and
401 nt ssRNAs and dsRNAs, some RNPs are
stuck in the wells, probably as a result of
multiple protein association. In lane 13, the
110 nt ssRNA is partially degraded; never-
theless, all degraded fragments still form
RNPs in lane 14. In contrast to what is seen
in Figure 1, in which multiple RNPs are obvi-
ous, only one form of RNP species predomi-
nates in this figure. The reason for this difference is due to the different experimental conditions used. EMSA in Figure 1D is done with the
RNA in excess, and literally all oligomers in solution, irrespective of their different RNA binding affinities, form the RNPs shown in the gel.
Thus, the composition of RNP is a faithful representation of that of oligomers in solution. While experiments in this figure were done with
negligible amounts of 32P-labeled RNA, p21 oligomers actually are competing for limited RNA, and only the oligomer with the highest binding
affinity will first form RNP. The RNP picture does not reflect the true composition of the oligomer in this case. It is for this reason that only
one band of RNP is visible in some lanes.tagged protein was eluted with 500 mM imidazole in buffer A. The
eluate was supplemented with 5 mM DTT and directly applied onto
a 5 ml Hitrap Heparin column equilibrated with buffer B (20 mM
HEPES [pH 7.6]). The bound p21 was eluted at w0.5 M KCl in a
linear gradient of buffer C (1 M KCl, 20 mM HEPES [pH 7.6]). The
fractions containing p21 were pooled, concentrated, and further
purified with gel filtration (Superdex 200) in buffer D (0.1 M KCl, 5
mM HEPES [pH 7.6]). For crystallization, the protein was supple-
mented with 10 mM DTT, concentrated to w20 mg/ml, and used
immediately or stored at −80°C. The His tag was refractory to
thrombin cleavage and was left intact. The protein concentration
was determined by UV absorbance at 280 nM by using a calculated
extinction coefficient of 8375 M−1 cm−1. The p21 concentration is
described in monomer units.
Crystallization and Data Collection
The protein was crystallized at 20°C by the vapor diffusion hanging
drop method by mixing 1 l of 20 mg/ml protein solution with 1 l
of a well solution containing 0.2 M K/Na Tartrate, 100 mM HEPES
(pH 7.0). For cryoprotection, crystals were transferred to a 2 l drop
of well solution plus 5% glycerol at 4°C, and the glycerol concen-
tration was gradually raised to 33% by stepwise addition of an
equal volume of well solution plus 60% glycerol.
The crystals belong to space group P3221 and have unit cell di-
mensions of a = b = 199.63 Å, c = 56.12 Å and a solvent content of
65%. The asymmetric unit of the crystal contains four p21 mono-
mer subunits.
For heavy atom derivatives, crystals were soaked in the well so-
lution containing 5% glycerol and either 5 mM ethyl mercury thio-
salicylate (EMTS) for 2 hr, or 5 mM K2OsO4 for 7 days. The data on
the mercury derivative were collected at the peak wavelength of
mercury (1.009 Å) at beamline X14 at Brookhaven National Labora-
tory. The native and osmium derivative data sets were collected at
a wavelength of 1.5418 Å on our in-house Rigaku diffractometer.
Structure Determination and Refinement
Data were reduced by using HKL2000 (Otwinowski and Minor,
1997). SHELXD found four mercury sites (Uson and Sheldrick,
1999), which were used to calculate initial phases by the method
of single isomorphous replacement with anomalous scattering
(SIRAS) in CNS (Brunger et al., 1998). The map based on the SIRAS
phases was already interpretable. Crossphasing identified eight
sites in the osmium derivative, which was used in combination to
calculate MIRAS phases and a map with improved quality. The ex-
perimental map at 3.8 Å showed clear features of protein second-
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Ury structures. Many bulky side chains were recognizable, allowing
s to register the correct amino acid sequence into the structure.
ne of the four monomers displayed electron density of the best
uality, which was then primarily used in model building. Density
veraging was not used due to its adverse effect on the best part
f the map. The model was built with the program O (Jones and
jeldgaard, 1997).
The structure was refined in CNS until Rfree reached 33%, then
efined by Refmac in CCP4 with the option of TLS parameters,
hich define group anisotropy (Murshudov et al., 1999; CCP4,
994). Two noncrystallographic symmetry (NCS) groups, tightly
onstrained, were defined for four NTDs and for four CTDs. A total
f eight TLS groups were defined for each NTD and CTD of the
our molecules. The final Rfree dropped to 24.4%, and the R factor
o 21.0%, after the Refmac refinement, largely due to the introduc-
ion of TLS parameters. The final model contains residues 1–64 and
7–177 for each of four p21 molecules. The four molecules in the
symmetric unit have average B factors of 96, 140, 151, and 147
2 respectively. The B factor was converted from the TLS parame-
ers and the residual B factor by the program tlsanl in CCP4 (CCP4,
994). Variation in the interdomain orientation was calculated as
he additional rotation, expressed as Kappa angle in the spherical
ode, that is required to superimpose the NTDs of each pair of
olecules that have been superimposed by their CTDs. Structure
igures were prepared by PyMol (DeLano, 2002) and Grasp
Nicholls et al., 1991).
lectrophoretic Mobility Shift Assay
e preformed two kinds of EMSA assays with either nonlabeled
NAs in M concentrations (Figure 1D) or 5#-end 32P-labeled RNAs
n sub-nM concentrations (Figure 6). The p21 protein was assem-
led with RNAs in the binding buffer of 0.1 M KCl, 1 mM DTT, 1
M MgCl2, and 10 mM HEPES (pH 7.6). The reaction proceeded
or 15 min before the addition of 2 l loading buffer of 50% glycerol
nd dyes. The reactions were resolved in a 5% native polyacryl-
mide gel for 1 hr at constant power of 5 W at room temperature
nd in a buffer of 25 mM Tris, 192 mM glycine (pH 8.3). In case
f nonlabeled RNA, the gel is stained by ethidium bromide and
ubsequently by Commassie blue. In case of labeled RNA, the au-
oradiograph was read by phosphor imaging.
NA Preparation
he 21 nt siRNA duplex was formed by annealing ssRNAs of si1
5#-CGUACGCGGAAUACUUCGAUU-3#) and si2 (5#-UCGAAGUAU
CCGCGUACGUU-3#). si2 was also used as the 21 nt ssRNA in
Structure of RNA Silencing Suppressor p21
1383experiments. The corresponding DNA versions have the same se-
quence. Short nucleic acids were chemically synthesized without
5#-phosphate.
Long RNAs were derived from the GST gene sequence and were
prepared by in vitro transcription on the dsDNA templates amplified
from pGEX-4T-2 plasmid by PCR (Amersham Biosciences). The
PCR primers were (from 5# to 3#):
1. GCGTAATACGACTCACTATAGGTTATTGGAAAATTAAGGG
2. GGTTATTGGAAAATTAAGGG
3. GCGTAATACGACTCACTATAGGATATTCCAAAAGAAGTCGA
4. GGATATTCCAAAAGAAGTCGA
5. GCGTAATACGACTCACTATAGGCCATTTATCACCTTCATCG
6. GGCCATTTATCACCTTCATCG
7. GCGTAATACGACTCACTATAGGACATAAACGATCTTCGAAC
8. GGACATAAACGATCTTCGAAC.
Primers 1 and 4 were used to amplify the transcription template
for the 56 nt sense RNA; primers 2 and 3 were used for the 56 nt
antisense RNA; primers 1 and 6 were used for the 110 nt sense
RNA; primers 2 and 5 were used for the 110 nt antisense RNA;
primers 1 and 8 were used for the 401 nt sense RNA; and primers
2 and 7 were used for the 402 nt antisense RNA. Duplexes were
formed by annealing complementary sense and antisense RNAs of
corresponding length. Antisense RNAs were used as ssRNAs in
Figure 6.
Duplexes were annealed in 0.1 M KCl, 2 mM Mg, and 10 mM
HEPES (pH 7.6) by a 1 min heating treatment at 95°C and a 1 hr
incubation at 37°C. RNAs prepared by in vitro transcription were
dephosporylated by CIP (Roche) at 50°C, followed by phenol ex-
traction. Nucleic acids were 5#-end labeled with 32P-γ-ATP by T4
kinase (NEB) under standard conditions and were separated from
unincorporated nucleotide by a mini-quick-spin-oligo column
(Roche).
Supplemental Data
Supplemental Data including one figure showing stoichiometry of
p21-siRNA binding are available at http://www.structure.org/cgi/
content/full/13/9/1375/DC1/.
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